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Abstract
An overview of the main features of the 1998 running pe-
riod is given, before a succinct chronology. The main oper-
ational phases are then addressed. A more thorough look at
performance at high energy is presented, which includes a
review of the operational optimisation techniques and their
effect on the key parameters.
1 INTRODUCTION
During 1998, in the 160 days scheduled for physics, LEP
delivered a total integrated luminosity of around 200 pb−1
to each of the four experiments. This included 3.2 pb−1 on
the Z0 peak to allow calibration of the experiments’ detec-
tors. The bulk, however, was delivered at 94.5 GeV. At this
energy a total RF voltage of around 2720 MV is required
for stable operation. Faults excepted, this voltage was
available in physics for the whole running period. Prob-
lems with antennae cables used for tuning of the cavities
lead to a total beam current restriction of around 6.2 mA.
However, in spite of this restriction, remarkably high beam-
beam tune-shifts and luminosities were obtained.
The main factors affecting the year’s performance may
be enumerated:
• the choice of 102/90 optics as operational optics,
• the reliability of the RF system,
• the high luminosity performance achieved,
• the problems with the antennae cables.
Each of these four points is examined in more detail be-
low, before an outline of the year’s progress is presented.
A cursory glance at injection and ramping is afforded be-
fore the performance in physics is examined in more de-
tail. Finally some suggestions about operations procedures
in 1999 are proffered.
2 THE CHOICE OF OPTICS
The 102/90 optics was chosen to be 1998’s operational
optics at last year’s Chamonix following the successful test
at the end of 1997 [1]. Among the main advantages of
this optics are its smaller natural emittance of 39.4 nm at
94.5 GeV compared with the 50.8 nm of 90/60 . This is
clearly beneficial for both luminosity and background.
The lower momentum compaction means a higher
achievable energy for a given RF voltage (which in fact
helped provide the margin to increase Jx).
Squeezing both βx and βy proved possible with no evi-
dence of dynamic aperture problems. Beam tails were, in
general, not a problem but the sensitivity to tune noted in
the 1997 test did reappear. The most notable consequence
being the background storms described in detail elsewhere
in these proceedings [2].
The naturally shorter bunches of the 102/90 optics ex-
acerbated the problems with the antennae cable (see be-
low).
Although not designed for running at the Z0 peak, mod-
erate 45 GeV performance proved to be possible, negating
the need to commission another optics for this purpose at
the start of the running period.
3 THE RF SYSTEM
For the record, the RF system in 1998 provided:
• 272 superconducting cavities (of which 16 were pure
Niobium) and 48 Copper cavities.
• Together, working at near nominal field levels, these
were able to supply a maximum total voltage of 2870
MV which allowed operations at a single energy point
of 94.5 GeV throughout the year.
• The safety margin was taken as 1 high voltage power
converter trip (2 klystrons ≈ 160 MV) plus a 4% re-
serve.
• While operating with a Jx of about 1.6, 2720 MV was
demanded in operations. This just about allowed the
loss of 2 klystrons.
4 CABLES
Due to an unfortunate design feature the antennae cables
used to tune the cavities pick up excessive higher order
mode (HOM) power. This power causes heating of the ca-
bles within the super insulation of the RF cavities. At high
enough power levels the heating can and did caused irrevo-
cable damage. Each cavity is equipped with 2 cables. The
loss of both cables renders the cavity inoperable.
This problem is strongly linked to the bunch length in
LEP. Short bunch lengths excite higher order modes which
can cause heating of the cables as described above. In 1998
the main threat of short bunch lengths came in the ramp
to high energy. The use of a low emittance lattice such
has 102/90 exacerbates the problem; because of the de-
creased momentum compaction the bunch lengths are nat-
urally shorter [3]. Tests showed the the power levels in the
ramp should be kept at or below 8 W. In order to respect
this the bunch length had to be kept as long as possible i.e.
around 9 mm. or longer. This involved careful control of
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the wigglers, Qs and running with a 100 Hz RF frequency
offset.
Figure 1 shows a the bunch length and power levels in a
typical ramp. The dips in bunch length being clearly corre-













































DUMP at 8.5 W
Figure 1: Bunch length and cable power during the ramp.
Even with the gymnastics in the ramp the maximum total
beam current had to be kept to around 6.2 mA. Attempts
to push the limit higher in the latter part of the year lead to
a rapid increase in the number of broken cables. The final
total for the year was 31 cables irrevocably damaged with
8 to 9 cavities out of action.
Fortunately for the luminosity target the estimate of
maximum power sustainable by the cables was accurate
and the situation was well monitored and controlled. The
consequences of the loss of too many cables would have
been a drop in energy or a long intervention for replace-
ments.
5 OPERATIONS IN 1998
5.1 Start-up
The main phases of the start-up are shown in table 1. Af-
ter 8 years of running LEP the wizened operations group
is getting fairly practised at the art of start-up, and things
unfolded more-or-less according to plan. LEP can be now
expected to deliver physics within one week of first taking
beam.
Date Phase
6th May Circulating beam 60/60
9th may First beam on 102/90
14th - 24th May Z calibration run
(RF & optics commissioning)
19th May Single beam to 96.5 GeV
25th May First physics at 94.5 GeV
Table 1: Start-up progress in 1998
5.2 Z0 run
The Z0 run was performed with bunch trains of two
bunches with about 250 µA per bunch. Luminosities were
moderate peaking at around 6 to 7 1031cm−2s−1 . The
requisite 2.5 pb−1 were delivered in 11 days concomitant
with RF and optics commissioning. The modest perfor-
mance was as expected with the 102/90 optics; the col-
lidable bunch currents being limited by horizontal beam-
beam. However, it was felt that staying with the 102/90
optics more that outweighed the potential advantages of
commissioning a more suitable optics.
5.3 High energy run
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Luminosity per day at 45.62GeV/c
Luminosity per day at 94.5GeV/c 
Luminosity per hour 
Efficiency
nb-1/day % & nb-1/hour
Intensity : 2^Io = 6.1 mA.
Peak Luminosity = 10 x 1031
Mean efficiency =
Figure 2: Integrated luminosity per hour and per day in
1998.
The integrated luminosity per hour and per day are
shown in figure 2. Although the the period shown cov-
ers seven log-books and enumerable problems, some key
points may be noted:
• It took a long, long time to sort the ramp out and to
reach the stage where 750 µA could be confidently
injected and ramped with minimal losses. This was
mainly due to a rather confused campaign to develop
a ramp that:
1. respected the bunch lengths, and thus the power
limits, imposed by the antennae cables,
2. avoided dangerous resonances such as 2Qs.
Other problems included an error in the use of the
wrong calibration curves which led to a time consum-
ing re-commissioning of the ramp. It has been noted
that some 22% of operations’ time in 1998 was spent
filling without going into coast. Much of this time was
spent in unsuccessful ramps during this period.
• Once the ramp was established and 750 µA in physics
became possible (around the 10th August), the repro-
ducible conditions allowed a period of fervent and fer-
tile optimisation with a steady rise in performance.
Chamonix IX164
• An attempt to increase the bunch currents, and power
levels, to around 780 µA led to a rapid increase in
the number of damaged cables and after a short Z0
run from 19 to 21st October, the bunch current was
lowered to around 700 µA . This resulted in the period
of lower performance at the end of the year.
In spite of these problems, the extremely high perfor-
mance levels obtain from the beam that made it into physics
allowed the integrated total for the year to exceed the target
by around 30% (see table 2).
L3 Aleph Opal Delphi
Expt 195.5 192.7 207.6 185.6
Adjusted 199.4 193.5 207.6 192.2
WRT average 1.01 0.98 1.05 0.97
Table 2: Delivered luminosity. The adjusted figures at-
tempt to account for luminosity by an experiment lost due
to faults.
With a maximum of around 760 µA per bunch making it
into physics, high spots included:
• Maximum luminosity 1032cm−2s−1
• Maximum beam-beam tune-shift 0.075 (βy = 5 cm.)
• Maximum hourly rate 200 nb−1 per hour
• Maximum 3.6 pb−1 in 24 hours
The differences in total luminosity delivered to each of
the experiments is covered in details elsewhere in these pro-
ceedings [4].
6 PHASES OF OPERATION
6.1 Injection
As usual injection was at 22 GeV using synchrotron injec-
tion. The following point may be noted:
• The efficiency of leptons transmission through the
SPS was at times poor, with the so-called ghost caus-
ing intermittent problems for a large part of the year.
• The stability of the lines to LEP was much improved.
• The injection efficiency into LEP was only reasonable
(around 60%) but consistent (when the beam arrived
from the SPS).
• Nearly all the RF was kept on, suspect units being
switched off as required. Only 520 MV was de-
manded at 22 GeV pushing the RF units to very low
levels with the usual attendant problems.
• A 100 Hz RF offset was in place. This was required
not at injection but in the ramp and was kept in place
for ease of use.
• The transverse feedback was not used (and at the lim-
ited currents not required).
It was possible to routinely accumulated 760 µA per
bunch giving a total current of around 6.2 mA. This to-
tal was not pushed in operations because of the restrictions
imposed by the antennae’ cables.
6.2 Turn-around
in 1998 the average turn-around was around one hour 38
minutes, with a minimum of 42 minutes. Most time not
fault related being lost to either poor injection or tracking
down mis-behaving RF units.
6.3 The ramp
One of the key features in 1998 was the indispensability of
the Q-loop. Once a strategy had been developed to avoid
resonances and to keep the bunch length long, very good,
reproducible transmission was possible. This can clearly
be seen in figure 3. As already noted much time lost before
this in attempts to juggle tunes and wiggler functions in the
ramp.
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Figure 3:
Because of the need to avoid short bunch lengths, the
damping and emittance wigglers were kept on in the ramp
to higher energies. Some lifetime problems were noted be-
tween 50 and 60 GeV. A possible cause being insufficient
momentum aperture of the squeezed 102/90 optics with
the wigglers on [5]. One possible way to avoid this situ-
ation is to squeeze at high energy after the wigglers have
been brought down.
To achieve this a hyperrun was constructed that ramped
with the injection optics until 92 GeV, then performed a
combined ramp & vertical squeeze to 94.5 GeV, βy = 5 cm.
A horizontal squeeze from 2.0 to 1.25 m is then performed
at constant energy before finally squeezing βy to 4 cm.
This strategy proved very successful and the ramp be-
came very stable after its implementation [6].
Also of note was the development of an orbit feed-
forward application which allowed orbit acquisition in the
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ramp and the application of any requisite correction. Mon-
itoring of orbit evolution lead to better understanding and
control.
7 OPTIMISATION IN PHYSICS
7.1 Damping partition numbers
The natural horizontal emittance of the 102/90 optics at
94.5 GeV is about 39.6 nm. This can be reduced by in-
creasing the horizontal damping partition number Jx by a
positive shift in the RF frequency.
At the start of the year a 100 Hz offset was used, this was
pushed to 120 Hz at first during the fill and then used from
the start of a fill.
The central frequency was in fact nearer 352254155 Hz
[7], meaning a RF frequency offset of nearer 135 Hz was in
fact in use. This gives a Jz of approximately 1.76 and re-
duced the horizontal emittance to about 22.1 nm. If one as-
sumes that the vertical emittance stays constant with the re-
duction in Jx this strategy might be expected to give some-
thing like 33 % increase in luminosity.
The reduced horizontal emittance also makes back-
ground control much easier.
7.2 Squeezing further
As can be seen from table 3 the βx squeeze to 1.5 m. was
rapidly implemented as foreseen. Once things had settled
down, attempts, accompanied by endless measurements,
were made to squeeze the last drop out of the beam. Once
the viability of the reductions in βy and βx were proven the
changes were incorporated into the functions proper.
Date βx βy
startup 2.0 5.0
29th May 1.5 5.0
8th September 1.25 5.0
5th October 1.25 4.0
Table 3: Squeezing further in 1998
The βx squeeze from 1.5 to 1.25 m should, in an ideal
world be good for 9.5% increase in luminosity, the βy
squeeze from 5 to 4 cm 12%. As always the impact of such
parameter changes is hard to unravel from the continual op-
timisation that goes on. However, there is little doubt that
at least part of the increased performance through the year
was due to the reduction in horizontal and vertical βs.
7.3 Golden orbits and dispersion optimisation
The use of golden orbits is now a well-established opera-
tional optimisation technique. In 1998 it was pursued with
vengeance. The selection procedure is based on simulta-
neous reduction in both electron and positron beam size,
and/or an increase in instantaneous performance. This is
now interpreted as a empirical search for orbits with low
residual vertical dispersion which is now assumed to be the
main contribution to the vertical emittance [8]. Typical val-
ues for the RMS vertical dispersion were around 3 cm. The
coupling is assumed to be well corrected.
One potential danger is focusing too much on the over-
all performance, the is strong evidence that Delphi’s lower
than average luminosity at the start of the year was due to
the continued use of golden orbits which for some reason
included higher than average vertical dispersion at IP8.
Reflecting the continuing search for improvement there
was a plethora of silly names associated with golden or-
bits used in 1998 reflecting the Melville’s observation that
“There are some enterprises in which a careful disorderli-
ness is the true method”.
Dispersion knobs were developed, their effect on the
average orbit was as advertised but because of the e+/e-
sawtooth differences did not act in the same way on both
particle types. They did however provide additional tune-
ability. Dispersion free steering was also developed and
will be available operationally in 1999 [10].
7.4 Also of note...
• The bunch train bumps were switch off during physics
from the 22nd July. The vernier generators were used
thereafter to perform the so-called vernier scans. The
vernier adjustments with the bunch train bumps off
were smaller and more stable from fill to fill.
• Vertical non-closure was small and the e+/e- differ-
ence was around 0.3 mm RMS.
• The BEXE continued to be a very useful tool, used
extensively for luminosity optimisation via the verti-
cal beam size.
• The luminosity was also calculated on-line from the
beam lifetime for the first time and also provided a
useful tuning signal.
• The golden orbits were established with 1997’s pickup
offset measurement using K-modulation. Rather than
accept a temporary step-down in performance their
use continued in spite of the availability of 1998’s
measurements.
7.5 Has the beam-beam limit been reached.
From figures 4 and 5 it is apparent that the beam-beam limit
has not been reached. Beam size measurements do, how-
ever, show beam-beam blow-up and the dependence of ξy
is not linear. A simple model has been developed to ac-
count for this [9] and given 1998’s data predicts an asym-
topic limit of 0.122 at very high current. The essential mes-
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Figure 5: Beam-beam tune-shift versus current for fill
5259.
8 PERFORMANCE OF THE RF SYSTEM
AT HIGH ENERGY
The RF system performed well during 1998, with only
about 10% of all fills that made it into physics being lost
due to RF problems. The 2720 MV demanded at 94.5 GeV
was delivered with remarkable constancy.
This performance may be attributed to:
• Improved control facilities which included automatic
switch-on of tripped cavities, tuner set-point control,
improved GVC logic, and oscillation control.
• The mean time between trips was much improved on
1997, and was 127 minutes in 1998 compared with 54
minutes in 1997.
• Many units were able to run at over 6 MV /m proving
a larger margin of safety.
Although the performance was good it took a lot of
watchful attention by the RF group and will require the
same and more in 1999 as the system is pushed to its limit.
9 CONCLUSIONS
The choice of 102/90 was the right one, and it was re-
warded with the best annual performance in the history of
LEP. The smaller horizontal emittance allowed the most to
be squeezed out of the limited beam current while provid-
ing very acceptable background conditions for the experi-
ments.
Turn-around, injection and the ramp are under control
and while there is still room for improvement, when the
teething problems concern with bunch length control in the
ramp were solved, LEP settled down into a period of repro-
ducible high productivity.
The cables provided the year’s biggest obstacle. Good
understanding and monitoring prevented them from provid-
ing a major handicap.
The performance of the RF system continues to improve
and its reliability was certainly a major contributory factor
in the year’s performance. The challenges of 1999 , how-
ever, leave no room for complacency.
Supporting systems such as beam instrumentation, con-
trol, magnets and separators, beam transfer and power con-
verters are notable in the absence from discussion meaning
only that their performance was continues to be good.
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